This report describes the temporal relationship between the latency of responses to peripheral stimulation in primary somatosensory (SI) cerebral cortex and the timing of climbing fiber inputs to the lateral hemispheres of the rat cerebellum. Examined in the tactilely responsive regions of crus IIa in the rat, the results show that SI influences the timing of both evoked and spontaneous climbing fiber activity in these cerebellar regions without affecting the rate or probability of complex spike discharge. By reversibly blocking SI activity, we demonstrate that the absence of cortical input results in a lengthening of climbing fiber response latency to peripheral stimuli. Similarly, enhancing the cortical input by subthreshold electrical stimulation of SI results in a shortening of climbing fiber response latency. These results provide a new explanation for the tendency of the inferior olive to oscillate at 7-12 Hz and is consistent with the hypothesis that the inferior olive provides the cerebellum information about the timing of cortical computational cycles. Results are discussed in the context of previous and current hypotheses concerning the physiology and function of the inferior olive/climbing fiber system and are interpreted to provide additional evidence of a role for the cerebellum in the tactile somatosensory system.
This report describes the temporal relationship between the latency of responses to peripheral stimulation in primary somatosensory (SI) cerebral cortex and the timing of climbing fiber inputs to the lateral hemispheres of the rat cerebellum. Examined in the tactilely responsive regions of crus IIa in the rat, the results show that SI influences the timing of both evoked and spontaneous climbing fiber activity in these cerebellar regions without affecting the rate or probability of complex spike discharge. By reversibly blocking SI activity, we demonstrate that the absence of cortical input results in a lengthening of climbing fiber response latency to peripheral stimuli. Similarly, enhancing the cortical input by subthreshold electrical stimulation of SI results in a shortening of climbing fiber response latency. These results provide a new explanation for the tendency of the inferior olive to oscillate at 7-12 Hz and is consistent with the hypothesis that the inferior olive provides the cerebellum information about the timing of cortical computational cycles. Results are discussed in the context of previous and current hypotheses concerning the physiology and function of the inferior olive/climbing fiber system and are interpreted to provide additional evidence of a role for the cerebellum in the tactile somatosensory system.
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The climbing fiber system, with its sole origin in the inferior olive (IO) and its mono-axonal "climbing fiber" connection to Purkinje cells (Palay and Chan-Palay, 1974) , plays a major role in many hypotheses of cerebellar function (Marr, 1969; Thach et al., 1992; Llinas and Welsh, 1993; Houk et al., 1996) . Given the predominance of the view that the cerebellum is primarily a motor control device (Bower, 1997a) , most hypotheses for the function of the inferior olive and the climbing fiber system have focused on some link to motor performance. One prominent hypothesis, for example, proposes that climbing fiber discharges specifically signal motor performance errors to cerebellar Purkinje cells, which then change their output to improve motor performance (Kawato and Gomi, 1992) . Although this hypothesis does not clearly state how motor error is detected, it is assumed that the inferior olive is the relay for this information. Another proposal links the inferior olive directly to motor learning, suggesting that climbing fiber discharge triggers either the enhancement (Marr, 1969) or depression (Albus, 1971 ) of coincidently active parallel fibers. In this way it has been proposed that the climbing fiber system "instructs" Purkinje cells as to which of their 150,000 parallel fibers should influence output. A third more recent proposal suggests that climbing fiber firing is responsible for coordinating the timing of movement (Llinas and Welsh, 1993) .
Whereas each of these hypotheses is somewhat different, they share in common the idea that the precise timing of climbing fiber discharge is critical to function and related directly to some aspect of movement. In the case of both the motor error and motor learning hypotheses, climbing fiber discharge is assumed to be generated by the detection of some specific motor-related event. In the case of the movement timing hypothesis, the intrinsic properties of the inferior olive itself are assumed to control the timing of climbing fiber activity. In each case, the timing of climbing fiber discharge is linked directly to some particular aspect of movement. Over the last several years, our laboratory has been investigating the possibility that cerebellar function may be more related to the internal needs of the nervous system than to the types of overt motor behavior proposed in classical hypotheses (Bower, 1997a,b) . In particular, we have proposed that the cerebellum may be responsible for coordinating the acquisition of sensory data on which the rest of the nervous system depends. Although this hypothesis has derived primarily from our studies of mossy fiber tactile projections to cerebellar cortex (Bower and Woolston, 1983; Morissette and Bower, 1996) , we have recently begun to extend our investigations to include the climbing fiber system (Brown and Bower, 2001 ). These studies have already demonstrated a strong similarity between the spatial pattern of mossy fiber and climbing fiber tactile projections to tactile regions of the lateral hemispheres in the rat (Brown and Bower, 2001) .
In this paper we extend these initial studies to examine the all important question of the control of timing of climbing fiber activity. We have previously hypothesized (Bower, 1997a,b) that the 7-12 Hz oscillatory behavior of the inferior olive might be related directly to the fact that cerebral cortex oscillates at these particular frequencies. In this view, the inferior olive is proposed to be responsible for relaying information about the timing of cerebral cortical computational cycles rather than itself orchestrating anything having to do with movement performance.
As a first experimental test of this idea, we report here the results of a series of experiments in which timing relations between activity in the somatosensory cortex (SI) and the cerebellum were assessed and manipulated using simultaneous recording techniques. In previous studies of the mossy fiber system we have demonstrated that the pattern of SI projections to the lateral tactile regions of the cerebellum are spatially similar to the pattern of direct trigeminal projections (Bower et al., 1981) . Our recent demonstration that climbing fiber projection patterns overlap those of the mossy fiber system (Brown and Bower, 2001 ) set the stage for the current examination of the relationship between evoked SI cortical and cerebellar complex spike activity. The results presented here provide evidence that SI does, in fact, influence the timing of both evoked and spontaneous climbing fiber activity in these regions of the cerebellum and that it does so without affecting the rate or probability of complex spike firing. This result is consistent with the hypothesis that the inferior olive provides the cerebellum information about the timing of cortical computational cycles.
Preliminary results have been presented previously (Brown and Bower, 2000) .
MATERIALS AND METHODS
Surger y. Results in this study are reported from 14 experiments on 3-to 6-month-old female Sprague Dawley rats. All methods were approved by the C alifornia Institute of Technology's Animal C are Committee and conform to National Institutes of Health guidelines. Animals were anesthetized initially with an intraperitoneal injection of a ketamine -xylazine drug cocktail (ketamine, 100 mg / kg; xylazine, 5 mg / kg; acepromozine, 1 mg / kg). Supplemental doses (20% of initial dose) were given through an intraperitoneal catheter as needed throughout the experiment to maintain deep anesthesia, as evidenced by the lack of a pinch withdrawal reflex and /or lack of whisking. Body temperature was maintained at 36 Ϯ 1°C with the use of a rectal temperature probe and heating blanket. Heart rate was monitored throughout each experiment. To maintain proper hydration, 0.9 ml of lactated Ringer's solution and 0.1 ml of 50% dextrose was injected intraperitoneally every 1-2 hr. To avoid lung congestion, 0.5 mg / kg of glycopyrrolate was injected intraperitoneally every 6 hr. Animals were killed at the end of the experiment with a 1.0 ml intracardiac injection of Nembutal.
After anesthesia, the head of the animal was immobilized in a custommade head-holder. The muscles covering the occipital region of the skull were removed, as were the muscles covering the temporal region on the right side lateral to bregma. T wo screws were drilled into the skull several millimeters caudal to bregma and 2-3 mm lateral to midline. A surgical staple was placed on cervical vertebrae C2, and a dental acrylic dam was built encompassing both the screws and the staple. Skin flaps were glued to the side of the dam using cyanoacrylate to prevent leakage. A craniotomy was performed to expose both cerebellar hemispheres as well as the facial region of right primary SI (see Hall and Lindholm (1974) , their Fig. 6 for stereotaxic coordinates of this region). The exposed brain was covered with mineral oil, the dam was then bonded to the head holder with more dental acrylic, and the ear and bite bars were removed to allow access to the perioral surfaces. In some experiments, a 3 inch cotton-tipped applicator was glued to the nonglabrous upper and outer parts of the left upper lip and pulled back gently to make the f urry buccal pad more accessible (see Fig. 1 for location of f urry buccal pad). The dura was cut and pulled back before initiating recording.
Stimulus techniques. T wo types of stimuli were used in these experiments to elicit neural responses: electrical stimuli applied to SI and tactile stimuli applied to the perioral regions (Brown and Bower, 2001 ). Electrical stimuli were constant current, rectangular, monophasic and 0.2 msec in duration and applied through a 0.1 M⍀ tungsten electrode. Preliminary experiments revealed that complex spikes in crus IIa were elicited with the greatest probability when the SI stimulating electrode depth was 2000 m, so this depth was used throughout. Tactile stimuli were applied with a computer-controlled probe. Drawings of the rat's face in Figure 1 indicate the perioral regions stimulated during these experiments. The size of the probe tip was Ͻ1 mm 2 , and the total excursion of the tactile stimuli was ϳ300 m. The stimulus was brief, completed in Ͻ10 msec (sample stimulus shown in Fig. 2 ). In all experiments, stimuli of either sort were applied at 2 sec intervals, and peristimulus histograms (PSTHs) were constructed from the resulting spike trains.
Recording techniques. E xtracellular recordings were made using tungsten microelectrodes from both SI (0.1 M⍀) and from the exposed crown of crus IIa (2 M⍀). C are was taken to ensure that the electrodes were placed perpendicular to the relevant brain surfaces before recording. Signals were amplified 1000ϫ and filtered between 10 Hz and 5 kHz before being digitally sampled at 10 kHz and stored on a computer. Secondary filtering was accomplished digitally using fourth order doublepass Butterworth filters. Granule cell layer (GCL) field potentials were collected at a depth of 500 -600 m (Bower and Kassel, 1990) and were digitally filtered between 10 and 500 Hz. Complex spikes (CSs) were recorded from the cerebellar molecular layer (100 -200 m depth) and were extracted from the signal using a window discriminator built in Labview 5.1 (National Instruments, Austin, TX) after first digitally filtering the signal between 300 Hz and 3 kHz. CSs were identified as such by their location, their firing rate (typically Ͻ1 Hz), and by the complete absence of interspike intervals Ͻ50 msec (Brown and Bower, 2001) . Multiunit activity in SI was recorded at the depth at which the strongest response to a tactile stimulus could be evoked (usually at depths of 1000 -1200 m). SI multiunit data were filtered between 300 Hz and 3 kHz and then rectified.
To choose recording locations, we identified first an appropriate cerebellar location. The crus IIa electrode was lowered into the location of the usual upper lip/f urry buccal pad patch (Fig. 1) down to the GCL and the center of receptive field for that particular cerebellar location was determined using standard manual stimulation and audio classification (Bower and Kassel, 1990) . We then mapped SI using the same technique until the location of the corresponding receptive field was found. Because of the relatively high background activity of SI under ketamine -xylazine anesthesia as opposed to under barbiturate anesthesia, SI was difficult to map precisely. For this reason once a tentative SI location was determined, we refined our SI search by stimulating SI with a single electrical pulse at a depth of 2000 m and determined the threshold to elicit a field potential in the GCL of crus IIa (Bower et al., 1981) . The SI electrode was moved in a 200 m grid pattern until we found the location with the lowest threshold for eliciting a GCL field potential. GCL field potentials were used for SI mapping instead of C Ss because they are quicker to map and because Allen et al. (1974) have shown that stimulation of cerebral cortex elicits mossy fiber and climbing fiber responses in the same Purkinje cells. Once the SI location was chosen, the crus IIa electrode was raised out of the cortex, moved 50 -100 m in a mediolateral direction, and lowered to the molecular layer to isolate a C S. Although some patches in crus IIa have been shown to be only 50 -100 m in diameter, the upper lip/f urry buccal pad patch is usually much larger, often 500 -1000 m in diameter (Bower and Kassel, 1990) . Confirmation of a connection between SI and the new adjacent crus IIa location was then made by stimulating in SI with a 3 pulse train at 500 Hz with 150 A (Allen et al., 1974) and observing the C S response.
Lidocaine injection in SI. In one series of experiments we injected 300 nl of 2% lidocaine into SI to determine the effect on complex spikes elicited by a tactile stimulus. The apparatus used for injection is described by Malpeli (1999) . Preliminary experiments revealed that field potentials in the granule cell layer were blocked most effectively when the lidocaine injection depth was 2000 m. This finding, coupled with the above finding that 2000 m was the optimal depth for eliciting a complex spike in response to electrical stimulation, led us to use an injection depth of 2000 m. Lidocaine injections in SI have been shown previously to last ϳ10 min when used to block GCL responses in SI (Morissette and Bower, 1996) , as expected considering the known actions of lidocaine (Malpeli, 1999) . The duration of the injection itself was typically 15-30 sec.
RESULTS

Correlations between responses in somatosensory cortex and climbing fiber discharges
Our first series of experiments were designed to look for a relationship between the latency of SI multiunit responses and the latency of CS responses recorded in the cerebellum. To do so, simultaneous recordings were made from SI cortex and the cerebellum while applying a 0.5 Hz tactile stimulus to the center of the previously determined appropriate receptive field (see Materials and Methods). A sample trial from one experiment is shown in Figure 2 A showing the relationship between the tactile stimulus, the SI multiunit burst response, and a CS response. The topmost trace shows the onset and shape of the tactile stimulus used in all experiments. The SI recording is shown in the second trace, with the asterisk indicating the time at which the rectified SI multiunit activity crossed a threshold of 50 V (see Materials and Methods). This criterion was used in all experiments to define the onset of an SI multiunit burst. The last trace in Figure  2 A is a simultaneously obtained recording from the cerebellum with the asterisk indicating a climbing fiber discharge. The results shown in Figure 2 B examine the specific relationship between the evoked SI bursts and complex spike discharges in the cerebellum for a single paired recording. Trials were sorted into six groups based on S1 burst latency if the latencies were between 7 and 19 msec. All other trials were grouped together and classified as having no SI burst response to separate out spontaneous SI activity. Climbing fiber PSTHs for three of the six SI response groups are shown in Figure 2 B with filled bars, along the one data group for which there was no detectable SI response (open bars). Each PSTH was normalized to indicate the instantaneous firing frequency. Also plotted on these graphs is the mean, rectified multiunit SI activity (continuous line). These data, from a single paired recording, show that the response latency of the CS is correlated positively with the SI response latency. Because the range and distribution of SI burst latencies was identical for all experiments, trials from all experiments were pooled for the subsequent analyses (the composite SI latency histogram is shown in Fig. 3A ). Trials were sorted as described for the single experiment above into six groups based on S1 burst latency if the latencies were between 7 and 19 msec ( filled bars in Fig. 3A ). All other trials were grouped together and classified as having no SI burst response to separate out spontaneous SI activity (open bars in Fig. 3A) . The composite climbing fiber PSTHs for three of the six SI response groups are shown in Figure 3B ( filled bars), along the one data group for which there was no detectable SI response (open bars). Also plotted on these graphs is the mean, rectified multiunit SI activity (continuous line). Examination of the combined data in Figure 3B again shows clearly that when the data from multiple experiments are pooled together, CS response latency is correlated positively with the SI response latency. For example, when the SI response occurred from 7-9 msec after a tactile stimulus, the latency of the histogram peak for the corresponding CS in the cerebellum was 27 Ϯ Figure 2 . Correlations between SI multiunit burst latencies and CS latencies: sample data. The data shown were collected from one paired recording. A, Sample data from one trial. The three traces show the tactile stimulus probe excursion, the SI-rectified, multiunit activity, and cerebellar activity, respectively. The time at which the SI multiunit activity crossed the 50 V threshold and the time of a CS in the cerebellar trace are each indicated with an asterisk. The voltage scale is the same for both the SI and cerebellar traces. B, Data trials were sorted by SI response latency into six data sets (2 msec bins). Trials were considered to have an SI burst if the SI rectified, multiunit activity crossed a threshold of 50 V. These data are indicated with a filled bar. A seventh data set was constructed from those trials in which no SI response was detected, indicated with open bars in this figure. PSTHs were constructed from the CS spike trains for each data set. The mean, rectified multiunit SI activity was also calculated for each data set. PSTHs were calculated using 1 msec bins followed by filtering with a 5 msec rectangular moving average. PSTHs were normalized to indicate the instantaneous firing frequency. For clarity, data from only four of the seven data sets are shown. Calibration is the same for all data sets. 6 msec (mean Ϯ SD). In contrast, when the latency of the SI tactile response was from 15-17 msec, the latency of CS histogram peak occurred at 37 Ϯ 4 msec. Figure 3B shows that intermediate values of SI response latency correlate with intermediate CS latency values. This relationship is quantified in Figure 3C , which shows a near-unity slope relationship between the latency of the SI and climbing fiber responses. Interestingly, in those trials in which SI does not respond according to the above criteria (bottom traces in Fig. 3B ), the latency histogram for the CS closely resembles the histogram corresponding to the longest SI latency delays (both PSTH peaks are at 38 Ϯ 5 msec). In Figure 3E the temporal relationship between these events is . Based on this histogram, data trials were classified as having an SI response if the latency of threshold crossing was between 7 and 19 msec ( filled bars); a total of 1849 of 2700 trials were thus classified as having an SI response. B, Data trials were sorted by SI response latency into six data sets (2 msec bins). A seventh data set was constructed from those trials in which no SI response was detected. PSTHs were constructed from the CS spike trains for each data set. The mean, rectified multiunit SI activity was also calculated for each data set. PSTHs were calculated using 1 msec bins followed by filtering with a 5 msec rectangular moving average. PSTHs were normalized to indicate the instantaneous firing frequency. For clarity, data from only four of the seven data sets are shown. Calibration is the same for all data sets. C, CS latency (mean Ϯ SD) for each of the seven data sets is plotted as a function of mean SI response latency ( filled circles) or "no SI burst" (open circle). CS latencies were determined by least-squares fitting of a Gaussian to each PSTH with the peak of the Gaussian used as a measure of the CS latency. A linear least-squares best-fit to the SI response data is shown on the plot ( y ϭ 1.02 x ϩ 19.8; r ϭ 0.95; p Ͻ 0.01). D, CS response probability (ϮSE) at 15-60 msec latency is plotted as a function of SI response latency. A linear least-squares best fit to the data with an SI response is shown on the plot ( y ϭ 0.003x ϩ 0.20; r ϭ 0.42; p Ͼ 0.2). All CS response probabilities associated with an SI response were significantly greater than the CS response probability in the absence of an SI response (t test, p Ͻ 0.005). E, Cross-correlogram of evoked CS spike trains with rectified SI multiunit activity. Peak SI activity leads CSs by 13 msec. The full-width-half-maximum is 22 msec. (Note: the reason that the latency differences in parts C and E are different, at 20 and 13 msec, respectively, is because in the former the latency difference was determined using the start of an SI burst, whereas in the latter the difference was determined using the peak of the SI burst.) plotted on a trial by trial basis in the form of a cross-correlogram. The results show clearly a significant temporal relationship between SI and CS activity, with a peak timed at 13 msec, SI leading.
In Figure 3D we plot the relationship between SI response latency and CS response probability. In contrast to what was observed for CS latency, CS response probability was not statistically correlated with the latency of an SI response. There was, however, a statistically significant relationship between the probability of a CS response and the occurrence of an SI response (see figure legend ). This latter relationship was examined through other experimental means described subsequently and found to be merely correlative, not causal.
The effects of injecting lidocaine into somatosensory cortex on climbing fiber responses
In the data just described we showed statistical correlations between the latency of SI and CS responses and also between the probability of SI and CS responses. To further examine the effect of SI on CS activity, we conducted a second series of experiments in which 300 nl of 2% lidocaine injected at a depth of 2000 m to locally anesthetize SI. Previous experiments in our laboratory have shown that such injections reversibly block SI influences on cerebellar mossy fiber activity (Morissette and Bower, 1996) .
Sample data from one lidocaine injection experiment are shown in the dot raster of Figure 4 A. As summarized in the PSTHs on the right, the timing of CS responses in the cerebellum were significantly different during a 10 min period after lidocaine injection when compared with controls. The duration of this effect was similar to the duration observed in our previous studies using lidocaine (Morissette and Bower, 1996) . The interesting point here, however, was that locally anesthetizing SI resulted in a prolongation of the CS response latencies. In fact, the induced delays in CS responses were essentially identical to the delays seen when stimuli failed to elicit an SI response as shown in the first series of experiments (40 Ϯ 5 vs 38 Ϯ 5 msec, respectively; mean Ϯ SD). On average, injection of lidocaine into SI delayed the peak of the CS latency distribution by 8 Ϯ 3 msec (mean Ϯ SD). These data are summarized for four experiments in Figure  4 B. As shown in Figure 4 , C and D, this change in latency took place without affecting either the level of spontaneous CS activity or the CS response probability (Fig. 4C,D ; see figure legends for statistical summaries). Thus the relationship between SI and CS response probabilities observed under control conditions appears to have been correlative, not causal.
Simultaneous tactile stimulation and electrical stimulation of somatosensory cortex
From the results just presented it would appear as though removal of the influence of somatosensory cortex has the effect of prolonging the latency of tactilely evoked CS responses in cerebellar cortex, but without affecting their probability. In a third series of experiments we sought to determine whether enhanced activity in SI cortex would have the effect of reducing CS latencies, again, without affecting CS response probability. To examine this question, we delivered an electrical shock stimulus to SI cortex and a peripheral tactile stimulus at the same time. It is important to note that the intensity of the electrical stimulus presented in SI was intentionally set to be subthreshold for evoking a CS response by itself (middle histogram on the right of Fig. 5B) .
The results shown in Figure 5 demonstrate that coincident activation of the periphery and SI cortex do, in fact, reduce the latency of the CS responses without affecting CS response probability. The statistically significant shortening of the response in the presence of SI electrical stimulation is quantified in Figure  5B . Sample data from one experiment are shown in Figure 5A . As shown in the histograms on the right of Figure 5A , coincident electrical SI and peripheral tactile stimulation (top histogram) resulted in a peak CS latency that was earlier by 8 Ϯ 5 msec (mean Ϯ SD) when compared with tactile stimulation alone (bottom histogram). This result is summarized for data pooled over five experiments in Figure 5B . Once again, in this paradigm of coincident tactile and electrical stimuli, the changes in CS latency were effected without any change in either the CS spontaneous activity or the CS response probability (Fig. 5C,D ; see figure legends for statistical summaries). This latter observation confirms that the relationship between SI and CS response probabilities observed under control conditions in Figure 3D appears to have been merely correlative, not causal.
As a side note, although we decreased the effective SI latency in this paradigm from a tactile-evoked 7-19 msec to an electrically induced 0 msec, it is important to note that we should not have expected necessarily a similar 7-19 msec decrease in CS latency. If only the onset latency of the SI response was important for CS modulation, then we would expect a 7-19 msec decrease in CS latency. However, it is likely that at least some portion of the 10 -30 msec duration SI response beyond the initial onset is responsible for CS modulation. As a simplistic example, consider the possibility in which the mean latency of the SI response is the critical factor modulating CS latency. For a tactile-evoked 10 msec duration SI response with an onset of 7 msec, the mean SI response latency would be 12 msec. If a 2 msec SI burst of equivalent amplitude was artificially added via electrical stimulation at t ϭ 0 msec to this same response, then the mean SI latency would become ϳ10 msec, a decrease of only 2 msec. This decrease in the mean SI latency of 2 msec is much less than the decrease of 7 msec of SI onset latency. Clearly the real relationship between SI responses and CS modulation is somewhere between these two extreme possibilities. Thus, when we stimulate SI electrically, although the onset of cortical input to the IO is reduced by 7-19 msec, because the rest of the tactile-evoked SI response is not reduced in latency we should not expect necessarily the CS latency to shorten by 7-19 msec as well.
The influence of spontaneous activities on SI and CS responses
The data presented up to this point indicate clearly that there is some relationship between the timing of SI and CS responses induced by tactile stimuli. When SI response latencies are short, so are CS latencies; when SI responses are longer, so are those of the CS. At the same time, however, it is clear that the probability of a CS response is not dependent directly on either the latency or the occurrence of a response in SI. CS tactile responses are still generated when SI cortex either does not respond to the stimulus or is locally anesthetized, although in both cases the CS response latencies are unusually long. When these data are combined with the evidence that enhanced SI activity results in a decrease in CS response latency, it would seem reasonable to propose that SI has a facilitatory effect on IO responsiveness.
To better understand the nature of this influence, we performed several additional analyses of our data. First, we were interested in determining what, if any, relationship might exist between spontaneous SI bursts and spontaneous CS activity.
With light anesthesia, both SI and the cerebellum become quite spontaneously active. An examination of spontaneous activity removes possible confounding effects of stimulus presentation.
The data from our analysis of the relationships between spontaneous SI and CS behavior is shown in Figure 6 . First we examined general facilitatory influences of SI on the IO by comparing the level of spontaneous multiunit activity in SI to the rate of spontaneous CS activity in cerebellum. Data for this analysis were collected from the same five paired recordings reported in Figure 3 . As expected, the higher the rate of spontaneous neural activity in SI, the greater the rate of spontaneously occurring CSs (Fig. 6 A) . To determine whether this effect might be caused by the general arousal of both regions by some other system, for example, rather than some specific influence of SI activity on the IO, we performed a cross-correlation between spontaneous SI activity and CS responses. The results shown in Figure 6 B show that there is a correlation between both types of spontaneous activity with SI activity leading that of the CS, albeit with less of a lead than was observed previously for the tactile-evoked responses. From this data we conclude that even in the case of Figure 4 . Effects of 300 nl of 2% lidocaine injected into SI at a depth of 2000 m. Data were collected continuously from before the injection of lidocaine ("pre-block", indicated by open bars), immediately after the injection ("block", indicated by filled bars), and for an extended period after the injection ("post-block", indicated by hatched bars). Data were collected from four experiments. In one experiment the block lasted significantly longer than usual, and so the data from 23-33 min after injection were used for post-block analysis instead of the usual 13-23 min. A, Sample 1000-trial raster of CSs and corresponding PSTHs from one experiment. The onset of the tactile stimulus is indicated with dashed lines (see Fig. 2 for a sample stimulus trace). PSTHs were calculated using 1 msec bins followed by filtering with a 5 msec rectangular moving average. B, CS latencies (mean Ϯ SD). CS latencies were calculated for each experiment by taking the peak value of a Gaussian least-squares fit to each PSTH. Mean CS latency during the lidocaine block was significantly greater than the mean latency before block (40 Ϯ 5 and 32 Ϯ 3 msec, respectively; paired t test, p Ͻ 0.02). The post-block latency of 31 Ϯ 5 msec was not significantly different from the pre-block latency ( p Ͼ 0.3). Note that the mean latency during block was not significantly different from the mean latency observed in the absence of an SI response in Figure 3 (40 Ϯ 5 vs 38 Ϯ 5). C, CS spontaneous activity for the 50 msec before stimuli onset (mean Ϯ SD). The mean rates of spontaneous activity for the block trials and post-block trials were not significantly different compared to the pre-block trials (paired t tests; p Ͼ 0.2). D, CS response probability at 15-60 msec latency (mean Ϯ SD). Mean probabilities during the block and post-block were not significantly different from pre-block (response probabilities were 0.14 Ϯ 0.04, 0.12 Ϯ 0.06, and 0.17 Ϯ 0.11 for pre-block, block, and post-block, respectively; paired t tests, p Ͼ 0.15).
activity occurring in the absence of any overt peripheral stimulus, SI can have a facilitatory effect on the IO.
Spontaneous SI activity
In this analysis it is important to note once again that SI cannot be said to be responsible for driving IO activity. In fact, as shown in Figure 6C , the probability of occurrence of a CS tactile response is statistically independent of the level of SI spontaneous activity immediately before the stimulus, in addition to being independent of SI response latency (Fig. 3D) or SI response probability (Figs. 4 D, 5D ). In this sense overall activity and the probability of response in SI and the IO appear to be independently regulated, but SI activity nevertheless influences the timing of IO-CS responses when they occur.
A final examination of the possible influence on CS latency by Figure 5 . Interaction between tactile stimulus and subthreshold SI electrical stimulus. Data are shown from five experiments. A, Sample 900 trial raster of CSs and corresponding PSTHs from one experiment. PSTHs were calculated using 1 msec bins followed by filtering with a 5 msec rectangular moving average. Data were collected continuously; stimuli were changed quickly between trials as necessary. All stimuli were applied at t ϭ 0, as indicated by the dashed lines. B, CS latencies (mean Ϯ SD). CS latencies were calculated for each experiment by taking the peak value of a Gaussian least-squares fit to each PSTH. Tactile plus SI stimulus-evoked responses were significantly earlier than tactile stimulus alone-evoked responses as indicated by the asterisk (28 Ϯ 5 and 36 Ϯ 2 msec, respectively; paired t test, p Ͻ 0.01). C, CS spontaneous activity for the 50 msec before stimuli onset (mean Ϯ SD). The mean rate of spontaneous activity for the tactile ϩ SI stimulus trials was not significantly different compared with the tactile stimulus alone trials (paired t test; p Ͼ 0.2). D, CS response probability at 15-60 msec latency (mean Ϯ SD). Tactile plus SI stimulus-evoked response probability was not significantly different from tactile alone-evoked response probability (0.14 Ϯ 0.07 and 0.16 Ϯ 0.05, respectively; paired t test, p Ͼ 0.1). SI stimulus alone response probability was not significantly different from what would be expected in the absence of a stimulus based on spontaneous activity rates (0.04 Ϯ 0.05 and 0.03 Ϯ 0.01, respectively; paired t test, p Ͼ 0.2). However, both the SI stimulus alone response probability and the no-stimulus response probability were significantly less than the tactile stimulus alone response probability, as indicated by the asterisk (paired t tests, p Ͻ 0.01).
both spontaneous CS and SI activities is warranted because of the data presented in Figure 3B that suggest possible correlations between these phenomena. When the data were sorted by spontaneous CS activity for the 50 msec before a stimulus, the mean CS latency was similar for those trials with and without a spontaneous CS (36 Ϯ 3 and 34 Ϯ 6 msec respectively; mean Ϯ SD, t ϭ 1.22, p Ͼ 0.2; data not plotted). We next sorted the trials by spontaneous SI activity during the 50 msec before the tactile stimulus. To avoid any possible influences of SI latency, which is correlated with both spontaneous SI activity and CS latency (Fig.  3B) , we examined only those trials in which there was no SI response. Summary data are plotted in Figure 6 D, showing that there was no correlation between spontaneous SI activity and CS latency when there was no SI response. Thus, spontaneous SI activity does not have any direct effect on CS response latency; the apparent correlations observed in Figures 2 and 3 are instead attributable presumably to spontaneous SI activity influencing SI responses, which, as shown above, influence CS response latencies.
DISCUSSION
The primary conclusion of this study is that SI appears to influence the timing of CS activity recorded in the cerebellum and that it does so without influencing the probability of CS activity. This SI influence is seen when responses are evoked by a peripheral stimulus as well as during spontaneous activity. In the following sections we consider the role that SI appears to play in modulating CS responses, by describing first the circuitry likely to underlie these influences and then the implications of these results for functional relationships between SI and the cerebellum. We also consider the larger implications of our results for hypotheses of the inferior olivary climbing fiber projections in cerebellar function.
Trigeminal-cerebellar pathways
The regions of the rat's face stimulated in these experiments are innervated by primary trigeminal afferents converging on the trigeminal nuclear complex (Waite, 1984) . As demonstrated by Huerta et al. (1983) , only two trigeminal subnuclei, principalis and the dorsal part of interpolaris, provide direct mossy fiber projections to the crus II region of the cerebellum. We have also demonstrated the presence of an indirect mossy fiber input to these same cerebellar locations that involves cerebral cortex (Bower et al., 1981; Morissette and Bower, 1996) . This loop also originates in the trigeminal nucleus, whose subdivisions all project to the thalamus (Fukushima and Kerr, 1979; Bruce et al., 1987; Williams et al., 1994) . The thalamus, of course, projects to SI (Koralek et al., 1988) , which in turn influences the cerebellum through the mossy fiber projections of the pontine nuclei (Leergaard et al., 2000) . Unfortunately, less is known about trigeminal-olivary projections. It has been shown that a trigeminal-olivary-crus II projection arises from the ventral aspect of nucleus interpolaris (Huerta et al., 1983) , whereas nucleus principalis does not appear to project to the inferior olive (Watson and Switzer, 1978; Swenson and Castro, 1983a,b) . Thus, there is apparently no overlap between direct trigeminal-olivary and direct trigeminal-cerebellar projections. It is also as yet unclear by what pathway SI influences the inferior olive. It is known that there are no direct projections from SI to the IO (Sousa-Pinto and Brodal, 1969) and also, at least in the cat, that SI effects on the olive are not mediated through an indirect projection through motor cortex Figure 6 . Effects of spontaneous activities. A, Spontaneous CS activity (mean Ϯ SD) is plotted as a function of mean spontaneous SI multiunit activity. Trials were sorted based on spontaneous SI activity into eight groups of approximately equal numbers of trials. B, Crosscorrelogram of CS spike trains with rectified SI multiunit activity for spontaneous activity. Dashed lines indicate the temporal location of the cross-correlogram peak for tactile-induced responses as plotted previously in Figure 3E (not to scale vertically). The data plotted here are derived from the same five paired SI-cerebellar recordings first described for Figure 3 . Spontaneous data were collected during the 200 msec before a tactile stimulus. Peak SI activity leads CSs by 7 msec for the spontaneous activity cross-correlogram versus 13 msec for tactile stimulus-induced case. The full-width halfmaxima of the peaks is 42 msec. C, The effect of SI spontaneous activity on CS response probability. SI spontaneous activity for the 50 msec before a tactile stimulus is plotted versus the probability of a CS response with 15-60 msec latency. Data were sorted by SI spontaneous activity into eight groups, as described in A. A linear least-squares best-fit to the data are shown on the plot (r ϭ 0.00; p Ͼ 0.5). D, The effect of spontaneous SI activity on CS latency is plotted for those trials in which there was no SI response to avoid the influence of SI latency on this analysis. Data were sorted into four groups of approximately equal numbers of trials based on the spontaneous SI activity for the 50 msec before a stimulus. No statistically significant relationship was observed (r ϭ Ϫ0.03; p Ͼ 0.5). (Rowe, 1977) . It is known, however, that large regions of the cerebral cortex project to the red nucleus (Leichnetz et al., 1984; Saint-C yr, 1987) and that the red nucleus influences the inferior olive (Weiss et al., 1990; McCurdy et al., 1992; Horn et al., 1998) . Additional studies clearly will be necessary to identif y the pathway or pathways mediating the physiological influences reported here.
Previous studies of the influence of somatosensory cortex on the inferior olive
Very few previous studies of cortical influence on the inferior olive have focused on SI. Previous observations that are relevant and consistent with our results include the demonstration that CSs can be evoked by SI stimulation (Miller et al., 1969; Miles and Wiesendanger, 1975) and that there is convergence onto inferior olive neurons from SI and spinal pathways (Miller et al., 1969) . Given that the SI-IO connection is indirect, whether this convergence occurs at the level of the inferior olive or at some intermediate connection between SI/spinal cord and the inferior olive is, as yet, unknown.
To date, almost no studies have looked specifically at the temporal interaction between cerebral cortical and IO activities, despite the fact that many hypotheses of cerebellar function postulate a substantial role for cerebral cortex in guiding cerebellar processing (Houk and Wise, 1995) . It is interesting to note, however, that in preparations in which cortex has been suppressed with barbiturate anesthesia the effect is to shorten CS latency (Gellman et al., 1983 (Gellman et al., , 1985 Robertson, 1987; Atkins and Apps, 1997) , an outcome that is the opposite of that observed here. It is not clear at this juncture whether or not the differences are caused by global cortical inactivation versus local SI inactivation and/or long-term suppression of cortical efferents versus short-term suppression.
Physiological interactions between somatosensory cortex and the inferior olive
Although it is not clear by what pathway the influence is felt, our results suggest that SI is providing an important modulating influence on the timing of activation of inferior olivary neurons. We base the conclusion that the influence is modulatory on the fact that SI activity appears to change the timing of CS responses without affecting the actual probability of a CS response. Furthermore, when the data were sorted by SI latency, the peak of the CS latency histogram ranged continuously from 27 to 38 msec (Fig. 3B) . Thus, it appears unlikely that the inferior olive is responding differentially to two different sources of input. Instead, it would seem that the influence of SI is to change the timing of an inferior olivary response that would have otherwise been generated at a longer latency. The fact that pharmacological interference of the SI to IO pathway or the absence of an SI response are both correlated with a lengthening of the CS response latency, is consistent with this idea. A modulatory role for SI is also consistent with data demonstrating that CS responses can be readily elicited in decorticate animals (Oscarsson, 1969; Rushmer et al., 1976; Bloedel and Ebner, 1984) .
Although the focus of this study was on the relationship between SI and CS responses, the data in Figures 2 and 3 demonstrate that there is a correlation between spontaneous SI activity and SI response latency. We do not have enough data to determine the causality of this correlation, but we were able to determine that it was apparently responsible for the correlation between spontaneous SI activity and CS response latency (Fig. 6 D) . The correlation between spontaneous SI activity and SI response latency, as well as the rising spontaneous activity readily observable for short-latency SI responses imply that the state of somatosensory cortex, as measured by spontaneous SI activity, might influence SI response latency. If so, then the state of somatosensory cortex can be said also to influence CS response latency. Further studies will be needed to clarify this relationship.
Our findings are also interesting in the context of what is known about the biophysical properties of the inferior olive. Studies have shown that the timing of repeated IO discharge in vitro is under the control of slow depolarization regulated by Ca 2ϩ activated K ϩ conductances (Llinas and Yarom, 1981a,b) . When isolated in a slice, IO neurons discharge when the slow depolarization resulting from previous activity reaches the threshold for a subthreshold calcium-spiking mechanism. Our findings can be explained by assuming two distinct influences on IO neurons: one that, with a certain probability, sets the IO neuron into its slow depolarization phase, and a second SImediated input that, when superimposed on this slow depolarization, can cause the IO neuron to fire earlier than it otherwise would. The phase of slow depolarization could be induced by input from some other source (including a previous influence from SI), or it could reflect network level activity between coupled IO neurons (Llinas and Yarom, 1981a,b; Sasaki et al., 1989) .
Whatever mechanism is responsible for setting the internal state of the IO, the proposed influence of SI is consistent with both the correlation in firing latencies of SI and climbing fibers, as well as the finding that climbing fiber discharges occur at their longest latencies when SI is not active. Without the SI influence, IO neurons simply respond at the end of their natural depolarization cycle as set by the first input.
Influence of somatosensory cortex on cerebellum and its relevance to hypotheses of cerebellar function
Like the cerebellum as a whole, our unusually detailed knowledge of the anatomical and physiological organization of climbing fiber projections from the inferior olive to the cerebellum has led directly to numerous speculations concerning the computational function of this pathway (Marr, 1969; Albus, 1971; Ito, 1982; Llinas and Welsh, 1993) . In most of these speculations, the timing of climbing fiber discharge has played a critical role in the presumed function. For example, in the cerebellar learning hypotheses of Albus (1971) and Marr (1969) , the precise timing of climbing fiber discharge was proposed to determine which of the 150,000 parallel fiber inputs on a particular Purkinje cell were modified in support of motor learning (Ito, 1982) . In the motor timing hypothesis of Llinas, populations of climbing fibers discharging at the characteristic 7-12 Hz oscillatory frequency of the IO (Llinas and Yarom, 1986) are proposed to provide a universal timing signal for the control and coordination of movement (Llinas and Welsh, 1993) .
While differing in the details, each of the previous hypotheses share in common the idea that the IO itself is responsible for controlling the critical timing of CS responses. In contrast, the data presented here suggest that the timing of IO activity is actually under the direct influence of the cerebral cortex and therefore could be more related to cerebral cortical events rather than cerebellar events. This assertion provides a very different context within which to consider what is known about the climbing fiber afferent system. For example, theoretical and experimental work in our laboratory on the oscillatory properties of the olfactory cortex have suggested that 7-12 Hz constitutes the fundamental frequency underlying computation in cerebral cortex as a whole (Bower, 1992; Fontanini et al., 2001) . In this context, the 7-12 Hz resonate frequency of the IO (Llinas and Yarom, 1986 ) might simply anticipate the most likely temporal pattern of output from cerebral cortex, rather than provide by itself a clocking function for movement generation (Llinas and Welsh, 1993) .
Viewed more generally, and based on the current data, we propose that at least one f unction of the IO and the climbing fiber system may be to provide the cerebellum specific information about the timing of cerebral cortical computation cycles. This idea fits quite well with the hypothesis we have been pursuing over a number of years, that these tactile regions of the cerebellum are directly involved in controlling the acquisition of tactile data on which computation in somatosensory cerebral cortex is dependent (Bower and Kassel, 1990; Bower, 1997a,b; Hartmann and Bower, 2001) . By controlling the timing of climbing fiber discharges, the cerebral cortex is provided a mechanism for influencing directly the way that the cerebellum is controlling the data on which somatosensory cortex depends. E xperimental and modeling studies currently underway are intended to better understand the nature of that influence mediated through the climbing fiber on the dendrite of the Purkinje cell.
